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Abstract. Under sufficiently high electric field gradients,
electron behaviour within exactly perpendicular shocks is un-
stable to the so-called trajectory instability. We extend previ-
ous work paying special attention to shortiscale, high ampli-
tude structures as observed within the electric field profile.
Via test particle simulations, we show that such structures
can cause the electron distribution to heat in a manner that
violates conservation of the first adiabatic invariant. This is
the case even if the overall shock width is larger than the up-
stream electron gyroradius. The spatial distance over which
these structures occur therefore constitutes a new scale length
relevant to the shock heating problem. Furthermore, we find
that the spatial location of the short-scale structure is impor-
tant in determining the total effect of non-adiabatic behaviour
- a result that has not been previously noted.
Keywords. Space plasma physics (Shock waves; Numerical
simulation studies)
1 Introduction
Collisionless shockwaves occur throughout the universe.
While often cited as the production source for high energy
cosmic rays, the heating mechanisms that act on the dif-
ferent sub-populations of particles are still not entirely un-
derstood. Numerous studies have been conducted into the
electron heating problem, with the characteristic scale length
of the shock emerging as an important parameter govern-
ing the evolution of the electron distribution (Balikhin et al.,
1998; Lembege et al., 1999; Schwartz et al., 2011). Addi-
tionally, despite the amount of work conducted on shock
scale lengths, there is still a lack of consensus regarding the
relative scales over which the magnetic and electric fields in
shocks actually vary.
Electrons are expected to behave adiabatically, conserving
their magnetic moments µm ≡W⊥/B, as long as the shock
width is larger than the upstream electron gyroradius. This
behaviour allows an electron to change the kinetic energy as-
sociated with its gyrovelocity perpendicular to the magnetic
field smoothly as it crosses the shock. However, Cole (1976)
showed that in the presence of an electric field with constant
gradient,
E=
(
E0+
∂Ex
∂x
x
)
xˆ, (1)
particles will gyrate at an effective frequency, given by
Ω2eff =Ω
2−
q
m
∂Ex
∂x
, (2)
where Ωeff and Ω are the effective and normal gyrofrequen-
cies, q is the charge on the particle andm is the particle mass.
The effective gyrofrequency must then be used in calculating
the gyroradii, i.e.
reffg =
v
Ωeff
, (3)
where reffg is a new effective gyroradius and v is the gyrov-
elocity of the particle. The condition for adiabatic behaviour
must be revised such that the shock width is much bigger than
the effective gyroradius. Equation (2) shows that, for certain
values of ∂Ex/∂x, the effective gyrofrequency can approach
zero corresponding to an extremely large effective gyroradii.
Non-adiabatic electron behaviour is therefore possible, even
at shocks with scale lengths much larger than an upstream
gyroradius.
The link between scale lengths and non-adiabatic heat-
ing was explored by Balikhin et al. (1993). The authors con-
ducted a theoretical analysis of electron trajectories at exactly
perpendicular shocks and identified the so-called trajectory
instability. This instability causes two neighbouring electron
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trajectories to diverge exponentially from each other in phase
space, causing a breaking of magnetic moment conservation,
wherever Ω2eff < 0, i.e. as long as the following instability
criterion is obeyed:
−
e
m
∂Ex
∂x
−Ω2 > 0, (4)
where e is magnitude of the electronic charge, m is the elec-
tron mass, Ω is the electron gyrofrequency and ∂Ex/∂x is the
electric field gradient along the shock normal. The criterion
requires that the electric field gradient be above some critical
value or, equivalently for a given cross-shock potential, that
the scale length of the electric field be below some critical
value. This can be fulfilled even if the upstream gyroradius
is smaller than the shock scale. The authors then showed via
a series of test-particle simulations that the onset of the tra-
jectory instability coincides with the onset of non-adiabatic
heating. While Balikhin et al. (1993) draw a strong connec-
tion between the scale length of the shock and subsequent
heating, they do not alter the scales of the electric and mag-
netic fields independently of each other, nor do they study the
effect of displacing one with respect to the other.
This work was subsequently extended into the oblique
regime by Balikhin et al. (1998). In this paper the authors
also included terms that account for the changing magnetic
field, which were previously neglected, and found that the
divergence in phase space always occurs and that the rate of
divergence is dependent on the gradients of both the mag-
netic and electric fields.
Further relevant work is done by Lembege et al. (2003).
Two approaches were used to analyse the demagnetisation of
the electrons at the shock front. In the first instance, non-
stationary and nonuniformity effects were included in the
form of a full-particle self-consistent simulation whilst in the
second instance these effects have been removed. The au-
thors found that the fraction of electrons which become de-
magnetised depends on the nonstationary behaviour found at
shocks. However, it is difficult to attribute this result to any
particular process or feature of the shock since it is impossi-
ble to systematically vary particular variables of interest in a
full particle code.
It is clear that the relative scales over which the magnetic
and electric fields vary have a large impact on the type of
electron heating that occurs. Indeed, the relative field scales
of shocks is a topic which we study within this paper. In their
paper, Balikhin et al. (1998) outlined possible relationships
between the fields, though it is a matter of contention which
of them occurs in reality, since various observations and sim-
ulations support differing views.
It is common that both scales have the same order of
magnitude in simulations and observations (Balikhin et al.,
1993; Formisano and Torbert, 1982; Formisano, 1982;
Balikhin et al., 2002; Leroy et al., 1982; Liewer et al., 1991;
Scholer et al., 2003; Lembege and Dawson, 1989, 1987). Ba-
likhin and Gedalin (1994) suggest that the variation of elec-
tron heating with upstream electron thermal Mach number
vflow/vthermal−e, reported by Schwartz et al. (1988), can be
recovered in this simple configuration. On the other hand,
Scudder et al. (1986) analysed a shock where the electro-
static potential varied over a scale larger than the magnetic
field ramp.
However, Eselevich et al. (1971) reported on so-called iso-
magnetic jumps which were observed in laboratory plasma
experiments whilst Heppner et al. (1978) reported the obser-
vations from ISEE-1 of large changes in the electric field
over scales much shorter than the magnetic field ramp. More
recently, Walker et al. (2004) and Bale and Mozer (2007)
have shown the existence of short-scale, high-amplitude elec-
tric field structures or ’spikes’ within the overall electric
field profile with Bale and Mozer (2007) speculating that the
spikes in the electric field profile may lead to incoherent heat-
ing of the electrons.
In this paper, we will show for the first time that this is
indeed possible. Using test-particle simulations, we will find
the effect of varying the electric field scale length indepen-
dently of the magnetic scale length; which has not been done
before. Additionally, we will vary the location of the electric
field within the shock. We also investigate the consequences
of an electric field spike within the shock. In doing so, we
will demonstrate that these electric field spikes constitute a
new scale length which is important to the shock heating
problem, and that its location within the shock layer can dra-
matically change the amount of heating observed.
The rest of this paper will be structured as follows. Section
2 will cover the details behind the simulation, with the results
and analysis following in section 3. Conclusions follow in
section 4.
2 The Simulation
2.1 Field Profiles
A test-particle approach, where static electromagnetic fields
are prescribed, is chosen for this investigation. The normal-
isation details can be found in Balikhin et al. (1993) and are
briefly reproduced here. Time is normalised to the inverse
gyrofrequency,Ω−1; coordinates are normalised to the elec-
tron inertial length, cω−1pe ; velocity is normalised to the up-
stream Alfve´n speed, vA; and magnetic fields are normalised
in terms of the upstream magnetic field strength, Bu. The
field profiles used are based upon the profiles described by
Balikhin et al. (1993). They are idealised versions of ex-
actly perpendicular collisionless shocks. The field profiles
are shown in Fig. 1 and are given by Eq. (5), (6) and (7). The
shock is at rest in the simulation frame, with the upstream-
pointing normal in the −xˆ direction.
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Fig. 1. Profiles for the electric, Ex (red curve), and magnetic, Bz
(blue curve), fields in dimensionless units (see Eq. (5) - (7)). The
shock width is set by the parameter DB , with the DB =DE = 1
case illustrated in the figure. Note that the Ex scale is negative.
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Here, ∆φ0 is the cross-shock potential and chosen to be
300eV unless stated otherwise. Ey is constant everywhere
and calculated from the upstream bulk electron velocity
and magnetic field strength, Ey = VuBu. We use values of
Vu = 400kms
−1 and Bu = 5nT which are typical for earth’s
bow shock. When normalised, Ey is equal to the Alfve´nic
Mach number, MA, which we choose to be Mach 8. DE
and DB are the half-electric and half-magnetic field widths
normalised to the electron inertial length. Equation (5) only
applies within the region of space −DE > x >DE . Every-
where outside this region, Ex = 0. Similarly, Eq. (7) only
applies within −DB > x >DB, taking the values Bz = 1
for x <−DB and Bz = 3 for x >DB . Adiabatic electron
behaviour, conserving magnetic moment, would therefore
correspond to a three-fold increase in the temperature of
the electron distribution based on the jump in the magnetic
field. We have chosen to use two scale lengths, DE and
DB , rather than the single parameter, D =DE =DB , that
Balikhin et al. (1993) use because it is important for this
study that we are able to vary the two scale lengths indepen-
dently. These particular forms were chosen by Balikhin et al.
(1993) because they are smooth and well behaved at the
shock edges and throughout the shock layer.
2.2 Electron Distribution
For each simulation run, a Maxwellian distribution at a tem-
perature of 10eV consisting of 600 electrons is initialised far
upstream from the shock. Since the shock is exactly perpen-
dicular, the electrons only require two degrees of freedom in
velocity space allowing us to set vz = 0.
For the purposes of this investigation, the temperature cor-
responding to the two perpendicular (x, y) degrees of free-
dom will be defined as follows:
T =
m
2kB
〈
(v−〈v〉)
2
〉
, (8)
i.e. the temperature is proportional to the variance of the ve-
locity vectors of all the electrons in the distribution. In prac-
tice, the parameter that will be of interest is the heating ratio,
RH ; that is the ratio of the far downstream electron distribu-
tion temperature to the far upstream temperature.
3 Results and Analysis
To investigate short-scale electric field structures, it will be
instructive to investigate, separately, the scale and location
of the cross-shock electric field, Ex. We will then move onto
a final set of simulations in which the cross-shock electric
field will vary over the same scale as the magnetic field with
a spike embedded within it to better represent a real shock.
3.1 Electric Field Scale Length
For this experiment, we will vary DE whilst holding DB
and the total cross-shock potential, e∆φ0, fixed. The starting
shock parameters that will be considered are DE =DB = 5
and e∆φ0 = 300eV. This scale length corresponds to a shock
width, 2DB, of 11.2 upstream gyroradii for a 10eV elec-
tron. These conditions are adiabatic as shown in Fig. 4 of
Balikhin et al. (1993) and will be the control case against
which other simulations are compared.
Figure 2 shows that as DE is decreased, the heat-
ing remains roughly adiabatic for larger DE before in-
creasing rapidly for scale lengths below DE ∼ 3. At these
smaller electric scale lengths, the heating is significantly non-
adiabatic. By holding the cross-shock potential constant and
decreasing DE , the electric field gradient becomes larger.
This result should therefore not present much surprise since
it is already known that the separation of the adiabatic and
non-adiabatic regimes in perpendicular shocks depends on
the electric field gradient as given by Eq. (4). According to
this criterion, the threshold of the trajectory instability occurs
at DE ∼ 3.1 for the parameters of our simulation.
3.2 Displacement of Electric Field
Having varied the width of the electric field profile, its po-
sition relative to the rest of the shock can be altered since
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Fig. 2. Ratio of downstream to upstream electron temperature as a function of electric field scale length, DE . The magnetic field scale length
is kept fixed at DB = 5. A sketch of the field profiles and their relative scale lengths is shown in the inset. For large DE , the heating stays
adiabatic as the electric field scale decreases. Once the adiabaticity is broken at scale lengths shorter than roughly DE = 3, however, there is
a negative correlation between the heating ratio and the electric scale length.
DE is smaller than DB . The inset of Fig. 3 shows the dis-
placement of the electric field with respect to the magnetic
field such that their centres of variation no longer coincide.
For this set of simulations, we fix DE = 0.5. As before,
DB = 5 and e∆φ0 = 300eV. Figure 3 shows a clear trend
of higher (lower) heating for displacements towards the up-
stream (downstream) side of the shock.
To understand why displacing the electric field would
change the amount of heating, despite maintaining a constant
electric field gradient, it is necessary to look at the drifts in
the system. For the field geometries used, the electrons ex-
perience an Ey yˆ×Bzzˆ drift in the xˆ direction, together with
an Exxˆ×Bz zˆ drift and a ∇|B| drift which are in the +yˆ and
−yˆ directions, respectively. The Ey yˆ×Bzzˆ drift causes the
electrons to drift through the shock and gain all the poten-
tial energy associated with the Ex field, i.e. the cross-shock
potential. This is fixed by the ∆φ0 parameter. The remain-
ing two drifts cause the electrons to travel along the shock
in opposite directions. The ∇|B| drift is directed such that
the electrons gain kinetic energy from the motional electric
field, Ey . Conversely, the Exxˆ×Bzzˆ drift is directed such
that the electrons lose kinetic energy to this field. The lat-
ter two drifts, in addition to the fixed cross-shock potential,
therefore determine the net kinetic energy gain of the elec-
trons as they drift through the shock (Goodrich and Scudder,
1984).
It will be useful to compare two limiting cases in our ex-
planation. The electrons will drift through most of the shock
before encountering the electric field when it is displaced
downstream. However, when the field is displaced upstream,
the electrons will encounter it immediately and gain the en-
tire cross-shock potential straight away. Since the ∇|B| drift
speed is proportional to the kinetic energy of the electron, the
magnitude of the ∇|B| drift will be larger in the second case
as it has gained the energy from crossing the Ex field ear-
lier. Figure 4 shows the trajectories of three electrons which
demonstrate this effect. The outer vertical lines represent the
outer edges of the shock i.e. x=±DB with the inner verti-
cal lines representing the edges of the displaced electric field,
i.e. x= δE±DE where δE is the displacement of the electric
field. All parameters are kept the same with the exception of
the displacement of the electric field. The electron in panel
(a) immediately picks up the cross-shock potential energy,
e∆φ0. Initially the Exxˆ×Bzzˆ drift dominates, resulting in
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Fig. 3. Ratio of downstream to upstream electron temperature as a function of electric field displacement, δE . The electric and magnetic
field scale lengths are kept at DE = 0.5 and DB = 5. A sketch of the field profiles and their relative scale lengths is shown in the inset.
The displacement of the electric field spike given in terms of DB , i.e. δE =−1 corresponds to the center of variations in the electric field
coinciding with the upstream edge of the shock layer. The heating ratio is greater for displacements towards the upstream edge of the shock.
Conversely, when the electric field is displaced towards the downstream end, the heating ratio is lower.
the loss of some of this energy. The ∇|B| drift then operates
in the Ex = 0 region where, due to the enhanced perpendic-
ular velocity, a large drift velocity results in a net −yˆ drift.
This corresponds to a large non-adiabatic energy increase.
Panel (b) is similar but the ∇|B| drift is less effective since
the electron spends less time in the post-Ex region, allow-
ing less time for the∇|B| drift to act. In panel (c), there is no
space for the∇|B| drift to act after the electrons have crossed
the cross-shock potential. The Exxˆ×Bzzˆ drift reduces the
energy gained from e∆φ0 the most compared to the other
panels.
Outside the region in which Ex is non-zero, the energy
gains associated with the∇|B| drift are roughly consistent, as
expected, with adiabatic compression in the increasing mag-
netic field. Since this multiplies the existing particle energy,
it gives the most energy to trajectories suffering early non-
adiabatic processes as in panel (a).
To summarise, when the electric field is displaced down-
stream, the electrons drift through most of the shock adiabat-
ically, losing energy as a result of the Exxˆ×Bz zˆ drift, before
encountering the non-adiabatic divergence in phase space as
discussed by Balikhin et al. (1993). When the electric field
is displaced upstream, the electrons immediately experience
the phase space divergence. As the electrons drift through
the rest of the shock, they will undergo a further expansion
in phase space due to the ∇|B| drift, the magnitude of which
is larger when electric field is displaced upstream. This leads
to a higher heating of the electron distribution.
We note that the trajectory instability is an essential in-
gredient in this non-adiabatic behaviour. While the displace-
ment of the electric field toward the upstream enhances the
instability by keeping the gyrofrquency, Ω, lower in Eq. (4),
experiments with different values of constant Ω (not shown)
are inconclusive. Thus, we prefer to discuss the non-adiabatic
behaviour in terms of the various particle drifts. Other ex-
periments (not shown) in which a field with a larger DE is
displaced remain adiabatic.
3.3 Shock Spikes
Whilst it has been instructive to consider these simulations,
observations show structures with a scale much smaller
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Fig. 4. Three electron trajectories in the xy plane for different displacements of the electric field profile. In all three cases the magnetic field
variations occur between the two outer vertical lines. The electric field variations are bound by the two left-most lines in panel (a), the centre
two lines in panel (b), and the two right-most lines in panel (c). All other parameters are fixed. The drift directions are shown in panel (b).
The panels show that when the electric field is displaced upstream, i.e. panel (a), the electron will drift in the negative yˆ direction a lot more
compared to when the displacement is downstream, i.e. panel (c)
than the total shock width embedded within a larger overall
electric field profile (Walker et al., 2004). In one particular
shock crossing, Walker et al. identified three large-amplitude,
small-scale structures, the largest of which had a peak mag-
nitude of around 45mV/m, compared to an average motional
electric field of around 14mV/m. These were the largest
amongst the field disturbances observed in the shock and oc-
curred over the middle 50% of the shock transition. The au-
thors estimate that the width of these structures to be around
1− 5cω−1pe , with the magnetic field ramp occurring over a
scale∼10 times this. It shall be the aim of the final set of sim-
ulations to encapsulate these features, if not the actual values
themselves. Most importantly, for this particular shock cross-
ing, Walker et al. report that the structures contribute 40% of
the total cross-shock potential change.
The inset of Fig. 5 shows the field profile we used to
model the electric field spikes. The electric field profile
shown is constructed by adding together two profiles, both
described by Eq. (5) but with different DE values. The im-
portant features of the profile are DE =DB and DspikeE ≪
DE . In keeping with the ratio of the scale lengths observed
by Walker et al. (2004), DspikeE is one tenth of DE . While
Walker et al. (2004) reported that the overall electric field
scale is slightly larger than that of the magnetic field ramp,
the two scales have been kept equal here so as to allow for
the independent investigation of the spikes alone. In any case,
from the work of Balikhin et al. (1993), we would not ex-
pect that having DE >DB would cause the heating to be
non-adiabatic, as this would make the electric field gradi-
ent smaller. For simplicity, only one electric field “spike”
has been modelled. Our base case will again be the adia-
batic shock where DE =DB = 5 and the total cross-shock
potential is 300eV. We choose 30eV as the cross-spike po-
tential with the rest of the shock accounting for the remain-
ing 270eV. We vary the position of the electric field spike
to investigate its influence on the electron behaviour. Figure
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Fig. 5. Ratio of downstream to upstream electron temperature as a function of electric field spike displacement, δspikeE . The electric and
magnetic field scale lengths are kept fixed at DE =DB = 5 and DspikeE = 0.5. A sketch of the electric field profile is shown in the inset.
The magnetic field has been omitted for clarity. The displacement of the electric field spike given in terms of DB i.e. a displacement of -1
would mean that the variations in the electric field are centered exactly at the upstream edge of the shock. The heating ratio is greater for
displacement towards the upstream edge of the shock. Conversely, when the electric field spike is displaced towards the downstream end, the
heating ratio is lower. For all displacements, the heating is non-adiabatic.
5 shows that for displacements towards the downstream side
of the shock, the heating is non-adiabatic, but the amount of
heating above the adiabatic case is small. For upstream dis-
placements, there is a much higher non-adiabatic component
to the heating.
The conclusions of the previous set of simulations can
readily be applied here. By embedding a spike into the pro-
file, there is now a region that satisfies the instability crite-
rion in Eq. (4) when previously there was not, thus pushing
the shock into the non-adiabatic regime. The same trend is
noticed, with the heating ratio having high values for dis-
placements towards the upstream end. However, the heating
ratio is much smaller in comparison to the previous simu-
lations; this should not be surprising given that the poten-
tial drop across the spike is much smaller. Just as before, the
breaking of adiabaticity occurs earlier for displacements up-
stream, but the phase space expansion effect due to the ∇|B|
drift is not as pronounced since the energy gains associated
with the spike are smaller.
At 2DE ∼ 1cω−1pe , the width of our spike is at the limit of
the 1− 5cω−1pe widths reported by Walker et al. (2004). We
conclude that in general, the presence of short-scale enhance-
ments to the electric field can push an otherwise adiabatic
shock into the non-adiabatic regime. The width of the elec-
tric field spikes therefore constitute a new scale length that
is important in the study of electron heating at collisionless
shocks.
We conducted a final simulation with three spikes at dis-
placements of -0.5DB, 0.0DB and 0.5DB embedded within
an underlying electric field of width 2DE = 10. Each spike,
of width 2DspikeE = 1, contributed 30eV to the cross-shock
potential with the underlying profile contributing 210eV for
a total cross-shock potential of 300eV. We find the heating
ratio for this set-up to be RH = 4.45, which is not a surpris-
ing outcome based on our previous results. Figure 5 shows
that the spikes at 0.0DB and 0.5DB have a minimal effect
above adiabatic electron behaviour. The non-adiabatic be-
haviour found here is due predominantly to the upstream-
displaced spike at −0.5DB.
8 V. See, R. F. Cameron & S. J. Schwartz: Electron behaviour due to short-scale structures at shock waves
4 Conclusions
It has been the aim of this paper to look at the effect that the
electric and magnetic field scales have on electron heating at
collisionless shock waves with a focus on short-scale high-
amplitude structures in the electric field. Our work builds on
the existing work of Balikhin et al. (1993) and is motivated
by the observations of short-scale electric field structures ob-
served by Walker et al. (2004) and Bale and Mozer (2007).
Balikhin et al. (1993) showed that shorter scale lengths can
lead to incoherent electron heating by satisfying an instability
criterion with the short-scale electric field spike observations,
providing a possible means of satisfying this criterion in real-
ity. We have shown that the presence of small-scale structures
can indeed push the heating of the electron distribution from
the adiabatic into the non-adiabatic regime. Specifically, the
main results of this report can be summarised as follows:
[1] Shorter-scale electric fields lead to non-adiabatic elec-
tron behaviour.
[2] The position of these electric fields has been shown,
for the first time, to play an important role in determining
the level of non-adiabaticity, with higher non-adiabatic be-
haviour observed for upstream displacements. This is due to
the earlier energy gain of the electrons allowing for a large
magnitude of subsequent ∇|B| drift. Equivalently, the mag-
netic moment of the electrons is increased more significantly
for upstream displacements, allowing the electron to gain en-
ergy adiabatically in the subsequent magnetic field increase.
[3] This is true even when considering smaller-amplitude
spikes embedded within a larger-scale electric field profile,
provided that the magnitude of the electric field gradient is
large enough. Such spikes have been observed (Walker et al.,
2004; Bale and Mozer, 2007).
[4] The existence, scale and location within the shock of
electric field spikes are therefore important new factors to
consider in the context of electron heating.
The next step would be to extend our work into the
oblique regime. The new scale length associated with the
electric field spikes is relevant to the discussion of shock
scale lengths and heating at oblique shocks by Balikhin et al.
(1998). Other shock features of interest which could influ-
ence the electron dynamics include foot and overshoot re-
gions, as well as the time dependence of the field profiles and
higher-frequency fluctuations (Lembege and Savoini, 2002;
Sundkvist et al., 2012). Finally, it would also be interesting to
study the electrons within the shock layer, where the strong
trajectory instability and short scales involved might be ex-
pected to break the gyrotropy of the distributions.
References
Bale, S. D. and Mozer, F. S.: Measurement of large parallel and
perpendicular electric fields on electron spatial scales in the ter-
restrial bow shock, Physical Review Letters, 98, 205 001, pT: J;
TC: 13; UT: WOS:000246624000031, 2007.
Balikhin, M., Gedalin, M., and Petrukovich, A.: New Mechanism
for Electron Heating in Shocks, Physical Review Letters, 70,
1259–1262, pT: J; TC: 35; UT: WOS:A1993KN88700019, 1993.
Balikhin, M., Krasnosel’skikh, V. V., Woolliscroft, L. J. C., and
Gedalin, M.: A study of the dispersion of the electron distribu-
tion in the presence of E and B gradients: Application to elec-
tron heating at quasi-perpendicular shocks, Journal of Geophysi-
cal Research-Space Physics, 103, 2029–2040, pT: J; TC: 16; UT:
WOS:000071845800014, 1998.
Balikhin, M. A., Nozdrachev, M., Dunlop, M., Krasnosel’skikh,
V., Walker, S. N., Alleyne, H. S. K., Formisano, V., Andre, M.,
Balogh, A., Eriksson, A., and Yearby, K.: Observation of the ter-
restrial bow shock in quasi-electrostatic subshock regime, Jour-
nal of Geophysical Research-Space Physics, 107, 1155, pT: J;
TC: 7; UT: WOS:000179009600036, 2002.
Cole, K. D.: Effects of crossed magnetic and (spatially dependent)
electric fields on charged particle motion, Planetary and Space
Science, 24, 515–518, 1976.
Eselevich, V. G., Eskov, A. G., Kurtmull, R. K., and Ma-
lyutin, A. I.: Isomagnetic Discontinuity in a Collisionless Shock
Wave, Soviet Physics Jetp-Ussr, 33, 1120, pT: J; TC: 17; UT:
WOS:A1971L306800013, 1971.
Formisano, V.: Measurement of the Potential Drop Across the
Earths Collisionless Bow Shock, Geophysical Research Letters,
9, 1033–1036, pT: J; TC: 30; UT: WOS:A1982PH28800032,
1982.
Formisano, V. and Torbert, R.: Ion-Acoustic-Wave Forms Gen-
erated by Ion-Ion Streams at the Earths Bow Shock, Geo-
physical Research Letters, 9, 207–210, pT: J; TC: 16; UT:
WOS:A1982NF68300010, 1982.
Goodrich, C. and Scudder, J.: The Adiabatic Energy Change of
Plasma Electrons and the Frame Dependence of the Cross-Shock
Potential at Collisionless Magnetosonic Shock-Waves, Journal of
Geophysical Research-Space Physics, 89, 6654–6662, pT: J; NR:
25; TC: 127; J9: J GEOPHYS RES-SPACE; PG: 9; GA: TG541;
UT: WOS:A1984TG54100007, 1984.
Heppner, J. P., Maynard, N. C., and Aggson, T. L.: Early
Results from Isee-1 Electric-Field Measurements, Space
Science Reviews, 22, 777–789, pT: J; TC: 22; UT:
WOS:A1978GM11300006, 1978.
Lembege, B. and Dawson, J. M.: Self-Consistent Study of a Perpen-
dicular Collisionless and Nonresistive Shock, Physics of Fluids,
30, 1767–1788, pT: J; TC: 62; UT: WOS:A1987H901600022,
1987.
Lembege, B. and Dawson, J. M.: Formation of Double-Layers
within an Oblique Collisionless Shock, Physical Review Letters,
62, 2683–2686, pT: J; TC: 15; UT: WOS:A1989U847300011,
1989.
Lembege, B. and Savoini, P.: Formation of reflected electron bursts
by the nonstationarity and nonuniformity of a collisionless shock
front, Journal of Geophysical Research-Space Physics, 107,
1037, pT: J; TC: 16; UT: WOS:000178908300001, 2002.
Lembege, B., Walker, S., Savoini, P., Balikhin, M., and Kras-
nosel’skikh, V.: The spatial sizes of electric and magnetic field
gradients in a simulated shock, Microscopic Processes in Space
Plasmas and their Role in Macroscale Phenomena, 24, 109–112,
pT: S; CT: Symposium D0 2 of COSPAR Scientific Commis-
sion D held at the 32nd COSPAR Scientific Assembly; CY: JUL
12-19, 1998; CL: NAGOYA, JAPAN; SP: Int Union Radio Sci,
V. See, R. F. Cameron & S. J. Schwartz: Electron behaviour due to short-scale structures at shock waves 9
Comm Space Res; NR: 14; TC: 7; J9: ADV SPACE RES; PG: 4;
GA: BN87R; UT: WOS:000083308000020, 1999.
Lembege, B., Savoini, P., Balikhin, M., Walker, S., and Kras-
noselskikh, V.: Demagnetization of transmitted electrons through
a quasi-perpendicular collisionless shock, Journal of Geophys-
ical Research-Space Physics, 108, 1256, pT: J; TC: 8; UT:
WOS:000184593000002, 2003.
Leroy, M., Winske, D., Goodrich, C., Wu, C., and Papadopoulos,
K.: The Structure of Perpendicular Bow Shocks, Journal of Geo-
physical Research-Space Physics, 87, 5081–5094, pT: J; NR: 40;
TC: 323; J9: J GEOPHYS RES-SPACE; PG: 14; GA: NX692;
UT: WOS:A1982NX69200005, 1982.
Liewer, P. C., Decyk, V. K., Dawson, J. M., and Lembege, B.:
Numerical-Studies of Electron Dynamics in Oblique Quasi-
Perpendicular Collisionless Shock-Waves, Journal of Geophys-
ical Research-Space Physics, 96, 9455–9465, pT: J; TC: 27; UT:
WOS:A1991FV65100006, 1991.
Scholer, M., Shinohara, I., and Matsukiyo, S.: Quasi-perpendicular
shocks: Length scale of the cross-shock potential, shock refor-
mation, and implication for shock surfing, Journal of Geophys-
ical Research-Space Physics, 108, 1014, pT: J; TC: 69; UT:
WOS:000181563700004, 2003.
Schwartz, S. J., Thomsen, M. F., Bame, S. J., and Stansberry,
J.: Electron Heating and the Potential Jump Across Fast Mode
Shocks, Journal of Geophysical Research-Space Physics, 93,
12 923–12 931, pT: J; TC: 92; UT: WOS:A1988Q745000017,
1988.
Schwartz, S. J., Henley, E., Mitchell, J., and Krasnoselskikh,
V.: Electron Temperature Gradient Scale at Collisionless
Shocks, Physical Review Letters, 107, 215 002, pT: J; NR:
34; TC: 1; J9: PHYS REV LETT; PG: 4; GA: 849OJ; UT:
WOS:000297134600011, 2011.
Scudder, J. D., Mangeney, A., Lacombe, C., Harvey, C. C.,
and Aggson, T. L.: The Resolved Layer of a Collision-
less, High-Beta, Supercritical, Quasi-Perpendicular Shock-Wave
.2. Dissipative Fluid Electrodynamics, Journal of Geophysical
Research-Space Physics, 91, 1053–1073, pT: J; TC: 79; UT:
WOS:A1986F001000009, 1986.
Sundkvist, D., Krasnoselskikh, V., Bale, S. D., Schwartz, S. J.,
Soucek, J., and Mozer, F.: Dispersive Nature of High Mach
Number Collisionless Plasma Shocks: Poynting Flux of Oblique
Whistler Waves, Physical Review Letters, 108, 025 002, pT: J;
NR: 25; TC: 1; J9: PHYS REV LETT; PG: 4; GA: 874XM; UT:
WOS:000298991400014, 2012.
Walker, S. N., Alleyne, H. S. C. K., Balikhin, M. A., Andre, M.,
and Horbury, T. S.: Electric field scales at quasi-perpendicular
shocks, Annales Geophysicae, 22, 2291–2300, pT: J; CT: Meet-
ing on Spatio-Temporal Analysis and Multipoint Measurements
in Space; CY: MAY 12-16, 2003; CL: Orleans, FRANCE; TC:
24; UT: WOS:000223620300002, 2004.
